Abstract Experimental data are presented for a study on the dependence of the I-V characteristics of the corona discharge on pressure and electrode spacing using point-to-plane electrode configuration. These experimental data are obtained by a fast, automatic computer data-acquisition system. The data are used to suggest an alternative dimensionally self-consistent empirical equation for the parameterization of the I-V curves. The formula eliminates the need for any prior assumptions concerning the inception voltage, as is customary in this type of work.
Introduction
Electrical discharges play a key role in many technologies, including semiconductor fabrication, highefficiency lighting, arc welding, high-voltage switchgear, plasma displays, the chemical treatments of gases and liquids, and the surface treatment of polymers and textiles. Recently, there has been renewed interest in the corona discharge plasma for applications such as the destruction of hazardous gases, electrical dust precipitation, electro-photography, xerography, electret production, electrostatic painting and printing, and water purification [1−4] . All this has led to renewed interest in the basic aspects of the mechanism of corona discharge.
In view of the absence of a complete theory of corona discharge, several empirical formulae were suggested to describe the current-voltage characteristics in such discharges.
In 1914 Townsend proposed a formula to characterize the dc steady corona current-voltage relationship for coaxial cylindrical geometry. Later, it was empirically found that the Townsend relation could also be used approximately for point-to-plane geometry [5] . This formula is given as:
where I is the corona discharge current, V the supplied voltage, V 0 the corona inception voltage, and A is a dimensional constant depending on the inter-electrode distance, the needle electrode radius, the charge carrier mobility in the drift region, and other geometrical factors.
A series of measurements carried out with a pointgrid electrode system [6] has indicated that the currentvoltage characteristics of the negative corona discharge generally obey a Townsend-type relation, in which coefficient A is proportional to temperature for a particular electrode gap. The proposed empirical formula results from measurements of negative corona currents with an accuracy of 1 µA for a given parameter set. The Townsend relation was further modified [6] by considering the influence of ambient temperature and the inter-electrode distance, resulting in an empirical formula of the form of
where C 1 and C 2 are coefficients depending on the electrode geometry. T is the ambient temperature on the Kelvin scale and the S inter-electrode distance in mm. Another, although much less spread relation appearing in the literature, is referred to by Ferreira [7] as:
Recently, a new general empirical formula of the corona discharge I-V characteristics for a point-to-plane geometry was suggested by Xiangbo et al [8] . The formula is:
Their experimental measurements indicated general agreement with Eq. (4), and the data spacing was about 5500 V on the voltage axis. Smaller data spacing should indeed give a better estimate of the value of the exponent in Eq. (4). Furthermore, the value of the inception voltage V 0 plays an important role in estimating the value of the exponent. In earlier studies, Ferreira et al. [7] , Yamada [6] , and Giubbilini [9] determined the corona inception voltages by extrapolating the fitted straight lines to the voltage axis. An extrapolated voltage should physically always be located on the right side of the ordinate and must have the same polarity as the corona. Henson [5] discussed this problem and pointed out that extrapolating corona data to zero current allows one to empirically determine the corona inception voltage, however, this may involve no physical meaning in some situations. Instead, it was suggested that extrapolation should be carried out down to some critical current value I 0 .
It is now assumed that a general power law would provide a reasonable description for most of the experimental data for engineering purposes. This power law takes the form of
Values of exponent n between 1.3 and 2 have been reported [7−10] . The usual procedure used in estimating n involves inferring the value of V 0 as the voltage value corresponding to some minimum detectable value of current, and the substituting and plotting of log(I) against (V − V 0 ) [8] . In this work, it is pointed out that although most of the above forms of empirical equations can indeed provide an adequate description of the experimental data in one way or another, they still suffer from some inherited physical limitations. Assisted by the use of a computer data acquisition system, which produces higher data density with a smaller spacing of data points of about 500 V, and sophisticated computer numerical fitting techniques, it became possible to suggest an alternative empirical formula that can be regarded as selfconsistent from a physical point of view.
Experiment
The experimental setup is shown in Fig. 1 . It consists of 50 cm long, 4 cm diameter Pyrex glass tube fitted with a 3.2 cm fixed planer circular electrode on one side and a 65 micron pin point movable electrode on the other. This value is close to the limit indicated in Ref. [10] , after which no current gains are obtained through a further increase in the sharpness of the pin electrode. The electrode fittings are capable of withstanding up to three atmospheric pressures inside the tube. The tube has one gas in and one gas out port. The high-tension AC voltage supply consists of a 110/33000 V transformer of the type used in mains grid utilities testing. This HT transformer is activated from the mains 220 voltage line through a 220/110 transformer, and this latter transformer also serves as an isolation transformer which eliminates double earthing problems between the HT circuit and the computer. The discharge polarity can be switched by simply reversing the direction of the HT diode connected in series between the HT transformer output and the discharge tube. This setup allows the voltage to sweep between zero and the transformer peak output voltage during each cycle of 1/50 s. Such relatively fast measurements result in less external and internal effects. The voltage sampling is carried out through 100 : 1 R1 and R2 resistor potential dividers connected across the HT transformer primary. This divider ensures that the maximum value of the voltage sample used for data acquisition does not exceed one volt. Current sampling is made by a series resistor R connected to the fixed electrode. Here again, the value of the resistor is chosen so that the peak voltage across this resistor is always less than one volt. These one volt limits are dictated by the fact that the computer sound card used as our data acquisition analog to digital converter device has a maximum input voltage rating of one volt. The voltage and current data acquired by the sound card through the use of the Matlab data acquisition tool box are calibrated using an ordinary digital voltmeter and ammeter readings [11] prior to operation. Calibration parameters written for the purposes of both data acquisition and data presentation are invoked into the Matlab software. The data sampling rate used is 8000 Hz, which means that over the entire voltage sweep between 0 kV and 60 kV, at 50 Hz, 160 data points are acquired. This gives an average voltage data point separation of about 375 V. Such relatively small data spacing enabled us to perform more reliable fitting of the data. The tube is flushed with nitrogen gas of 99.9% purity for five minutes before each run. The acquired data in each run are directly saved by the program on a hard disk for further analysis.
All measurements are made at room temperature (T =27
• C) with different nitrogen pressures. 
Modeling
Although all the empirical models mentioned above are known to produce reasonable descriptions of the experimental data to one degree or another, it can, however, be argued that the values of exponent n are highly sensitive to the value of the selected inception voltage V 0 . Such selection has been the subject of some controversies. Consequently, and as mentioned earlier, values of n ranging between 1.3 and 2.0 have been reported. Furthermore, and by definition, the corona inception voltage is the lowest voltage at which a continuous corona of specified pulse amplitude occurs as the applied voltage is gradually increased, i.e. it represents the voltage at which the electric current starts to flow, jumping from zero to some measurable value.
Thus, measurement of the inception voltage singularity point is highly affected by the sensitivity of the electric current measuring device. Any uncertainty in the measurement or estimation of V 0 will be reflected on the value of exponent n needed to reproduce the data. In such a situation, the procedure usually followed is to plot the data on a log scale and carry out the extrapolation to zero current. This, however, imposes the highly unjustified severe restriction that the power law assumed is indeed the uniquely correct one. Unsurprisingly, many such extrapolations can lead to negative non-physical values of the inception voltage.
It must be pointed out here that the empirical equations represent alternative last resorts suited to serving the engineering purposes in cases when formal, physically-based mathematical formulations of the problem are not well defined. Even so, these empirical relations are usually deduced from data fitting, and should have three important properties at least. These are:
a. They should involve the minimum possible number of free fitting parameters;
b. These free parameters should bear some dimensional relation to the physical quantities; c. They should be able to describe the widest possible range of experimental data.
The fact that there is no formal analytical relation describing the I-V characteristics of the corona discharge, and the controversies surrounding the three fitting parameters power law described by Eq. (3), leaves some room for alternative empirical formulas to be tested. Such tests are becoming a lot easier because of the much more sophisticated computer nonlinear fitting software, which have created a lot of room for maneuver in using alternative mathematical forms that cannot be easily converted into the straight line through logarithmic plotting procedures.
Empirical formulas of Eq. (5) type do indeed have two of the properties mentioned above. However, two essential problems associated with this equation are worth mentioning. The first is related to the inception voltage singularity point parameter. In simple terms, and by definition, the inception voltage is the voltage value at which the discharge current starts to flow. Such a definition does have some inconsistency with Eq. (5), which gives a zero current value at the inception voltage. In other words, this equation describes the physical situation just prior to inception and not when some minute current starts flowing as is usually assumed in most empirical fitting procedures. The second problem is related to the dimensional robustness of Eq. (5). This is because unless the value of exponent n is a uniquely defined case-insensitive universal parameter (which is not the case), the dimensional units of parameter A will also become case sensitive. This will certainly affect the generality by which such power law equations should be treated, in spite of the fact that they provide reasonable descriptions of the experimental data.
A more suitable candidate for the mathematical form that can simultaneously avoid such physical problems and provide a good description of the experimental data would be
The value of (1/2) for the exponent in the expression is selected for two reasons. The first is that it gives an imaginary current value prior to inception. This is consistent with the physical situation at hand. The second is that the square root of the voltage is dimensionally related to drift velocity. Tentative fits with several other exponent values have been attempted and the (1/2) exponent form has turned out to produce far better convergence fits. This mathematical form completely eliminates the problem of zero current inceptions, and by inserting a shape determining free parameter B, which governs the curvature, and a scaling free parameter A into Eq. (6), leads to I ∝ Ae
The B parameter has the units of V 1/2 . This leaves parameter A to have case-insensitive ampere units, independent of the value of the case-sensitive shape determining factor B.
Eq. (7) is again a three free fitting parameter equation. However, no prior assumptions concerning the value of the inception voltage V 0 are set.
Results and discussion
The experimental measurement results at four pressure values of 1 atm, 1.5 atm, 2 atm, and 2.5 atm with electrode spacings of 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, 35 cm, and 40 cm are presented in Fig. 2 . The dots represent experimental data points, and the solid lines are results of the fits to Eq. (5). The same experimental results are fitted to Eq. (3), and the data are plotted again in Fig. 3 with the solid lines representing the fits to Eq. (3). At first glance, one may reach the trivial conclusion that both equations produce an acceptable description of the experimental data in spite of the difference in their mathematical form. Even so, the values of the three free fitting parameters obtained using both equations are worth further discussion.
The most important parameters in both equations are the curve shape determining parameters. In Eq. (5), the shape is determined by the exponent n. In Eq. (7), parameter B is the major shape determining factor. For any empirical formula to be a good descriptive of the data, a degree of scaling of the shape determining parameters has to be present. This means that the numerical values obtained for these parameters from fitting the widest possible range of experimental data must possess the lowest dispersions. The values of n in Eq. (5) and B in Eq. (7) are obtained from fitting all 36 data sets, and are plotted on the histograms in Fig. 4 . It is clear that the values of B in Fig. 4(a) are more narrowly confined around their average than those of n in Fig. 4(b) . The average value of B is 2.09 with a standard deviation of 0.1. The corresponding average of n is 1.86 with a standard deviation of 0.16. The second important parameter in both equations is the inception voltage V 0 . Contrary to the traditional method of trying to infer the value of V 0 as the voltage corresponding to some minimum measurable inception current and substituting that value into the equation, the inception voltage was left as a free parameter to be determined by the fitting program using both Eqs. (5) and (7). The results of the fitted values of the inception voltage, in both cases involving all experimental data, are shown in Fig. 5(a) and (b) , respectively.
One can notice that the inception voltage values obtained using Eq. (7) are more systematically related to the electrode separation than those obtained using Eq. (5) . No systematic relation to pressure in both cases can be observed. However, the inception voltage values obtained from Eq. (5) tend to shift to negative nonphysical values in four out of 36 fits in spite of the fact that these four fits result in good reproduction of the experimental data. Furthermore, there is a random fluctuation of data of about 100% from the mean value. No nonphysical inception voltage values are recorded for fits using Eq. (7).
Not much can be said concerning the pressure dependence of the inception voltage. The existence of such dependence and its nature may become the subject of further studies covering wider pressure ranges. This is beyond the practical capabilities of the experimental system used in this work. However, the results shown in Fig. 5(b) can be examined further to establish the relation between the inception voltage and the electrode separation. For this purpose, and ignoring any undetectable pressure effects, the four data sets of Fig. 5(b) are averaged over all pressures. These averaged data are plotted in Fig. 6 . Several equations are attempted to describe the dependence of the inception voltage on the electrode separation. The best equation found with over 95% confidence level fit is
with a 1 =11.6, and a 2 =0.34. Consequently, Eq. (7) may be modified to become
The third and final parameter to be analyzed is the overall scaling parameter A. The same procedure as above is used to establish first-order approximations for the electrode separation and the pressure dependence of A. Values of A at different pressure values are averaged over all electrode separations. Values at different electrode separation values are averaged over all pressures. The two sets of data are used to establish the pressure and electrode separation dependence, respectively. These are obtained by fitting the two data sets to suitable mathematical equations. Different mathematical forms of the equation are attempted. Fitting results showed that simple power law equations are better suited to describe the data. The results are shown in Figs. 7 and 8 , respectively. These power law equations can be written as
and
This allows Eq. (7) to be modified to
Eq. (10) can be regarded as a general equation. Its main drawback is that it has six free parameters. The scaling free parameter C should only depend on the radius of the flat plate, the ambient temperature and pressure, and the gas type. In other words, it should have no appreciable dependence upon pressure or electrode spacing. Using the Matlab curve fitting facility, attempts were made to fit all the data to Eq. (12) with all six free parameters to be determined simultaneously by the program. Good fits are obtained. The fitted curves are not much different from those shown in Figs. 3 and 4. Table 1 shows the means and standard deviations of the values of all six free parameters obtained from performing 36 fits to the data. From Table 1 , one may conclude that all the standard deviations for all parameters except b 2 are between 5% and 10% of the corresponding mean value. This means that there is a 90% probability that the correct value of the fitted parameter is within ∓10% to 20% of the mean value. These can be regarded as quite low fluctuations for fits with a relatively large number of free fitting parameters. The high standard deviation of pressure power exponent b 2 is a direct result of the fact that the fits are performed over only four pressure values. In order to bring Eq. (12) in line with the other empirical equations used in corona discharge as far as the number of free fitting parameters is concerned, three of the six free parameters were locked at values within the range of one standard deviation from the mean. These parameters are the three exponents, a 2 , b 1 , and b 2 . Eq. (10) is rewritten as
Eq. (13) is used to fit all the data again. Now we have only three parameters to fit. Good fits were obtained. Table 2 shows the means and standard deviations of the remaining three fitting parameters, C, a 1 , and B. The statistical distributions of the fitted values of the three free parameters are shown in Fig. 9 . The mean and standard deviation values of the remaining three parameters left free to be determined by the program from all 36 fits performed are shown in Table 2 .
The main interesting feature concerning these parameters is the mean and standard deviation value of the shape determining parameter B. In spite of the fact that this parameter has always been left completely free to be determined by the program, its mean value always came to be 2.1 with a small standard deviation of 0.1. Eq. (11) can be thus regarded as able to produce good reproduction of our experimental data with almost scaled values of all its free parameters as far as their dependences on discharge pressure and electrode separation are concerned. The mean percentage residues (percentage differences between the experimental data points and fitted curves) were calculated for all data points for all 36 fits. Their values were always in the range of 2%. This indicates that Eq. (13) can provide about a 98% accurate estimation of the corona discharge current.
Comparison with other data
As a further test of Eq. (13), numerical data were retrieved from the plot of the experimental data of the corona discharge I-V characteristics presented in Ref. [8] . Image processing techniques were used to retrieve these data with a degree of accuracy of about 5%. The data are fitted to Eq. (13). The retrieved data together with the results of the fits are shown in Fig. 10 . Again, fits with less than 2% mean residues are achieved in spite of the fact that the number of data points is much less than those of this experiment. The means and standard deviation values of the fitting parameters are presented in Table 3 . Fig.10 Experimental data retrieved from Ref. [8] with corresponding fits to Eq. (13) The main result of this comparison with completely independent data is that the use of Eq. (13) to fit these data can indeed produce good fits. Furthermore, the dispersion values of the parameters in different fits are small. The same data are fitted to Eq. (5), but with three completely free parameters, i.e. with no prior setting of the inception voltage. The results produce good fits with 2% average residues, but with high dispersions in the parameter values. The fitted inception voltage values are in the range of 4-20 kV with a standard deviation of 5 kV and no systematic correlation to electrode spacing. The average value of exponent n is 1.27 with a standard deviation of 0.1. However, a few points are still worth mentioning as far as fitting these data to Eq. (13) is concerned. The first is that the fitted data are not the original ones but were extracted from the published figure with the author's consent. The second is related to the higher values of B and a 1 obtained, as compared to those from the fits to our data. These may be related to the differences in gas type, the area of the plane electrode, the sharpness of the pinned electrode, the electrode material, ambient temperature and humidity, etc.
A new dimensionally self-consistent empirical formula is suggested to describe the point-to-plane discharge I-V characteristics of the nitrogen corona. Densely spaced computer-acquired data made it possible to put this formula into rigorous fitting tests. Dispersions of the fitted parameter values obtained from such a large number of fits are proved to be smaller than those obtained from fits with the widely used power law.
